[1] We estimate ground-level mass concentrations of PM 2.5 and PM 10 (particulate matter smaller than 2.5 and 10 mm in diameter, respectively) for 2001 using a global chemical transport model with Moderate Resolution Imaging Spectroradiometer (MODIS) aerosol optical depth (AOD) retrievals. Our method improves on previous techniques by using a new satellite product (fine-mode fraction (FMF)) and is applied to East Asia, where such an approach has not previously been attempted. We evaluate the method by comparing the PM estimates with the observations from Air Quality System sites and Acid Deposition Monitoring Network sites across East Asia. The spatial patterns of the annual and seasonal means of the estimated PM 10 concentrations are in better agreement with the observations than the results of the model alone. The PM 2.5 estimates based on both MODIS AOD and FMF data show considerable improvement relative to those using AOD data alone or simply the model and are in better agreement with the observations at three available sites in Korea and Japan. The greatest improvement is found in the cases where the model significantly underestimates the data. Our best estimates of the annual mean PM 2.5 and PM 10 concentrations over East Asia are 14.7 and 71.2 mg m À3 , respectively. However, the uncertainties in our PM 2.5 and PM 10 estimates are up to 2.5 and 20 mg m À3 , respectively.
Introduction
[2] East Asia is an important source of both natural and anthropogenic aerosols due to its geographical characteristics and the rapid growth of its economies. Aerosol concentrations have been rapidly increasing in East Asia and have had major implications on the regional air quality and climate [Gong et al., 2007; Choi et al., 2008, 2009, and references therein] . However, despite the potential significance, information on aerosols over East Asia, including their spatiotemporal distributions, sources, and chemical compositions, is quite limited because of the paucity of long-term and consistent observations [Xu et al., 2004 ; R. J. Park et al., 2005; Feng et al., 2006; Wang et al., 2006; Li et al., 2008] .
[3] Many previous studies found a significant temporal correlation between the ground-level PM 2.5 (particulate matter smaller than 2.5 mm in diameter) concentration and totalcolumn aerosol optical depth (AOD) [Chu et al., 2003; Wang and Christopher, 2003; Engel-Cox et al., 2004a , 2004b . This motivated some other studies [Liu et al., 2004; van Donkelaar et al., 2006] in which ground-level PM 2.5 mass concentrations were successfully estimated by combining a global chemical transport model with satellite-based AOD data in a cost-effective manner. Their focus was mainly on the United States, a region where ample sets of surface measurements are available to validate their methods. However, applying their approach to other regions, including East Asia, remains an uncertain proposition. We attempt here to apply these methods to estimating the aerosol mass concentrations in surface air over East Asia.
[4] One drawback with the previous studies is that the satellite-based AOD observations were assumed to correspond mostly to the PM 2.5 concentrations [Wang and Christopher, 2003; Liu et al., 2004; van Donkelaar et al., 2006] . However, in fact, the AOD is a measure of light scattering by total aerosols, of which a large fraction by mass is PM 10 (particulate matter smaller than 10 mm in diameter) rather than PM 2.5 . Therefore, size-resolved AOD observations such as fine-mode AOD may provide improved PM 2.5 estimates as opposed to using observations of total AOD. Here we examine this issue by using total and fine-mode fraction (FMF) satellite-based AOD data to estimate PM 2.5 mass concentrations and thereby determine which can produce better estimates as compared with ground observations.
[5] The present study uses a global chemical transport model (GEOS-Chem) with satellite-based AOD data to estimate ground-level PM 2.5 and PM 10 mass concentrations over East Asia (14°-56°N, 75°-150°E) for the year 2001. Our method is based on that of Liu et al.
[2004], who estimated PM 2.5 concentrations in the United States by scaling simulated aerosol mass concentrations with the local scaling factor, i.e., the ratio of satellite-retrieved to model-simulated AOD. We further refine this approach using the FMF of satellite-based AOD data for PM 2.5 estimates. The satellite-based AOD and FMF data for the analysis period are from the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument.
[6] The estimated PM 10 concentration is first compared with the ground observations from Air Quality System (AQS) sites in China and Korea, and Acid Deposition Monitoring Network in East Asia (EANET) sites in Japan (section 3). The comparison of the estimated versus observed PM 2.5 mass concentration in surface air is presented later in the section. We discuss the spatiotemporal variation in the estimated PM concentrations by focusing on season-and region-dependent relationships between the AOD and the PM mass concentration in surface air. Finally, we provide our best estimates of the ground-level PM 2.5 and PM 10 mass concentrations on annual and seasonal mean bases over East Asia as well as for subregions. The uncertainties related with the estimated PM concentrations are also discussed.
Data and Methods

Observations
[7] We used AOD and FMF data measured at 550 nm in the MODIS/Terra Level-3 daily gridded atmospheric product (MOD08, collection 4) . The spatial resolution of MOD08 data is 1°Â 1°latitude-longitude. Chu et al. [2003] showed that AOD values in East Asia are factors of 1.5-3 higher than those in the eastern United States/ Canada and western Europe. The known accuracy levels of the MODIS-derived AOD are ±0.03 ±0.05 AOD over ocean and ±0.05 ±0.15 AOD over land, which are estimated by comparing with several years of Aerosol Robotic Network (AERONET, http://aeronet.gsfc.nasa.gov) data from more than hundred stations worldwide including East Asia [Ichoku et al., 2005; Remer et al., 2005] . The validation results suggested that MODIS AOD retrievals over land may be systematically biased high perhaps due to bright surfaces, but in most cases MODIS-AERONET difference is within the estimated accuracy levels. The uncertainty of MODIS aerosol retrievals particularly in East Asia was issued by numerous recent works [Che et al., 2008; Kim et al., 2007; Li et al., 2007; Mi et al., 2007; Wang et al., 2007] .
[8] The FMF is theoretically defined as the fractional contribution of fine-mode aerosols to the total AOD, reflecting the natural bimodal pattern of the aerosol size distribution. An aerodynamic cut diameter of 1 mm is typically used to separate the two modes [Anderson et al., 2005] . Over land, the MODIS algorithm determines aerosol types such as pure dust, pure nondust, or mixed aerosols based on the ratio of the path radiances at 470 -660 nm and assigns FMF values of 0 and 1 to pure dust and nondust, respectively.
[9] Over the ocean, the MODIS algorithm generates 20 candidate solutions corresponding to all the possible combinations of four fine-mode and five coarse-mode aerosol types for each 10-km retrieval box. Each solution is an optimized fit between the measured and calculated radiances, obtained by adjusting the ratio of the fine and coarse modes. However, it is noteworthy that the MODIS aerosol types do not separate perfectly at an aerodynamic diameter of 1 mm. Moreover, the MODIS-derived FMF is often biased upward in dustdominated regions and over the ocean as compared with in situ airborne measurements. This is possibly due to the assumption that all aerosols are spherical, even in the cases with nonspherical dust [Levy et al., 2003; Livingston et al., 2003; Anderson et al., 2005; Chu et al., 2005] .
[10] We used the observed AOD from the 11 AERONET sites in East Asia (site locations are shown with gray triangles in Figure 1 ) to evaluate the model-simulated AOD at 550 nm. The AERONET measures the column-integrated AOD at visible and near-infrared wavelengths (340, 380, 440, 500, 675, 870, 935 , and 1020 nm) using a ground-based Sun/sky photometer [Holben et al., 1998 ]. For the comparison with the model, the AOD values at 550 nm are obtained by interpolating the values at 440 nm and 675 nm on a log-log plot assuming linearity between the two channels. This is because not all AERONET sites have 500-nm channel .
[11] Daily surface measurements of PM 2.5 and PM 10 mass concentrations over East Asia are used to validate our estimation. The data for 2001 are obtained from the State Environmental Protection Administration of China's 46 AQS sites http://www.sepa.gov.cn/quality/air.php3), the Ministry of Environment Korea's 6 AQS sites http://eng.airkorea. or.kr), and the 10 Japanese EANET sites http://www.eanet. cc). The locations of the 62 aerosol sites used in this study are shown in Figure 1 . Considering the different aerosol source regions and the possible difference in the data quality from the three countries, we classify the sites into three groups: north China (north of 28°N, except site 41, indicated by solid circles), south China (open circles), and Korea and Japan (crosses). As shown below, PM concentrations observed in Korea and Japan have similar averages and spatiotemporal variations because the two countries are geographically close. The numbers of sites in north China, south China, and Korea/Japan are 14, 32, and 16, respectively.
[12] The Chinese sites (sites 1 -46) are mostly located in the major cities of provinces, including Beijing, Shanghai, etc. The observations mostly reflect local pollution of the highly populated large cities. At each observation site, the concentrations of PM 10 , SO 2 , and NO x are automatically obtained. In particular, for PM 10 , the b-ray absorption or the tapered element oscillation microbalance method is used to measure its mass concentration and the daily average is calculated when values for more than 12 h in a single day are available. Then, they are converted into the final value of the ambient air pollution index (API) for being released to the public; this value is available online at their official Web site http://www.sepa.gov.cn). The API is defined as the highest pollutant concentrations among PM 10 , SO 2 , and NO 2 for a given day. In 2001, about 90% of the daily API was for PM 10 . It should be noted that the day on which the API is <50 (i.e., PM 10 < 50 mg m À3 , SO 2 < 50 mg m
À3
, and NO 2 < 80 mg m À3 ) is defined as ''clean,'' and it is inferred that no pollutant type was recorded on this day. The average and variation of PM 10 concentration converted from the API in the Chinese cities shows reasonable spatial and temporal distributions [Zhou et al., 2007; Choi et al., 2008] , and significant relationship with meteorological fields such as temperature and precipitation [Gong et al., 2007; Choi et al., 2009] . Details on the API data and conversion method into PM 10 concentration can be found elsewhere [Choi et al., 2008 [Choi et al., , 2009 Gong et al., 2007] .
[13] The Korean government monitors PM 10 concentrations at hundreds of sites across the country. Among them, the six selected sites (57 -62) provided continuous daily observations of PM 10 concentrations for 2001. All the sites in Korea are in urban areas, except for site 62, which is on Ulleung Island. The Korean government releases qualityassured data in which abnormal data are filtered out through the data screening process that consists of malfunction, calibration, inspection, and so on http://eng.airkorea.or.kr).
[14] Since January 2001, the EANET project has been measuring leading pollutant concentrations, including those of SO 2 , NO x , O 3 , PM 2.5 , and PM 10 , for monitoring air quality and acid deposition in East Asia [Network Center for EANET, 2002] (available from http://www.eanet.cc/product.html). PM 2.5 observations are available only at Rishiri (site 50), Oki (site 54), and Gosan (site 61) for 2001. Among the ten participating countries, Japan has ten EANET monitoring sites (sites 47-56), which are mostly in remote locations that are more than 50 km away from big cities. The observations at these sites are used to assess the acid deposition in the background areas and to evaluate and model the long-range transport of air pollutants [Network Center for EANET, 2002] . The exceptions are Banryu (site 47) and Ijira (site 53), which are located in urban and rural areas, respectively. Besides China, Korea, and Japan, PM 10 concentrations are also observed at three EANET sites in Thailand; but this is only partial and involves manual sampling, so that fewer than 20% of the days in each season are valid days. Thus, we exclude these sites from our analysis. The data quality and interlaboratory comparison results are provided by Network Center for EANET [2002] .
[15] All the data used herein are averages on a 2°Â 2.5°h orizontal grid (resulting in 52 averaged daily time series for surface aerosol measurements) for comparisons with the simulations below. The subgrid variability of the observations relative to the grid-mean value is typically in the range of 3% to 25%.
Model Description
[16] We use a 3-D global chemical transport model (GEOS-Chem) to conduct a full-year simulation for 2001. GEOS-Chem is driven by assimilated meteorological observations from the Goddard Earth Observing System (GEOS-3) at the NASA Global Modeling Assimilation Office (GMAO). The meteorological data for 2001 have a 6-hour temporal resolution (3-hour for surface variables and mixing depths), 1°Â 1°horizontal resolution, and 48 sigma vertical layers. The lowest model levels are centered at approximately 10, 50, 100, 200, 400, 600, 900, 1200, and 1700 m above the local surface. All simulations presented herein were conducted using the degraded 2°Â 2.5°horizontal resolution.
[17] The GEOS-Chem aerosol simulation includes sulfatenitrate-ammonium aerosols (SNA), primary organic carbon (OC) and black carbon (BC), secondary organic aerosol (SOA), mineral dust, and sea salt aerosols [R. J. Park et al., 2003 Park et al., , 2004 Park et al., , 2005 Heald et al., 2005; Alexander et al., 2005; Fairlie et al., 2007] . SOA formation follows the scheme of Chung and Seinfeld [2002] . Dust aerosols in the model are simulated with four size bins (effective radius 0.1 -1.0, 1.0-1.8, 1.8-3.0, and 3.0-6.0 mm) using the methods described by Fairlie et al. [2007] with the Dust Entrainment and Deposition (DEAD) scheme of Zender et al. [2003a Zender et al. [ , 2003b . Sea salt aerosols are separated into fine (effective radius 0.1 -2.5 mm) and coarse particles (2.5 -10 mm) whose emissions are computed as a function of dry particle size and local 10 m wind speed following the empirical formula from Monahan et al. [1986] ; Alexander et al., 2005] .
[18] All inorganic aerosols, primary OC and EC, and SOA aerosols are considered as fine aerosols smaller than 2.5 mm Figure 1 . Locations of the 62 Air Quality System (AQS)/Acid Deposition Monitoring Network in East Asia (EANET) aerosol monitoring sites used in this study. Crosses, open circles, and solid circles represent PM measuring sites in Korea and Japan, south China, and north China, respectively. PM 10 data are available at all sites, and PM 2.5 data are available at three sites (50, 54, and 64). The 11 Aerosol Robotic Network (AERONET) sites are additionally shown as shaded triangles.
in diameters and are included in PM 2.5 and PM 10 mass concentrations in the model. Soil dust and sea salt aerosols in the model are partitioned into PM 2.5 and PM 10 based on their sizes. For the AOD calculations, particle growth with relative humidity is taken into account by applying chemical componentdependent hygroscopic growth factors to hydrophilic aerosols using the local relative humidity . We used the optical properties provided by Chin et al. [2002] to calculate AOD values. Detailed descriptions of GEOS-Chem aerosol simulations can be found elsewhere [R. J. Park et al., 2003 Park et al., , 2004 Park et al., , 2006 van Donkelaar et al., 2006] . The simulated aerosol concentrations used in our analysis are taken at MODIS overpass times between 1000 and 1200 local time.
[19] We use the 1999-2000 global inventories of the anthropogenic emissions of NO x , CO, VOCs, SO x , NH 3 , and primary aerosols as discussed by R. J. Park et al. [2005 Park et al. [ , 2006 . The Asian emissions of NO x , CO, VOCs, SO x , and NH 3 defined for 60°E-158°E and 13°S-54°N are 9.1 Tg N y , and 2.6 Tg C y À1 , respectively. Other emissions included those from volcanoes, lightning, the biosphere (terrestrial and marine), and biomass burning. The details of the emissions from these sources were also as given by R. J. Park et al. [2005 Park et al. [ , 2006 . [2006] compared the estimates from the two satellite measurements and showed better results from MODIS than MISR, although MISR aerosol retrievals over land are believed to be superior to those from MODIS in general. Moreover, the number of observations is fewer in MISR than MODIS. MISR aerosol retrievals may not be enough for our analysis over East Asia where clouds occur frequently. Taking these respects into account, MODIS retrievals are selected in the present study. A linear correspondence between the satellite-based AOD and PM 2.5 concentration was employed as shown in the following equation:
Methods
where PM 2.5 represents the dry mass concentration of PM 2.5 . The PM 2.5 concentration estimated in this manner is often referred to as ''remote-sensed PM 2.5 .'' This simple, yet effective method maintains a physically consistent relationship between the simulated AOD and surface-level PM 2.5 concentrations from GEOS-Chem, and scales the model PM 2.5 concentrations by using MODIS AOD. In this study, the scaling procedure by equation (1) is performed as a post process for the model grid cells that have valid MODIS observations on a daily basis. The daily model results are obtained by averaging hourly values only for the MODIS overpass local time (2200-0000 LT). The remote-sensed PM 2.5 concentrations are therefore available only for the days with valid MODIS observations, and are not used as an initial condition for the subsequent GEOS-Chem model simulations (i.e., the estimates on the present day do not influence those on the following day).
[21] We apply the same formula to estimating PM 10 concentrations as follows:
where the model AOD and surface PM 10 concentration are computed by taking into account the contributions of all the aerosol types and size spectrums in the model. The hygroscopic growth of hydrophilic aerosols is also accounted for in the model AOD calculations, as discussed above. It is noted that the current MODIS algorithm also derives PM 10 mass concentrations by summing up fine-and coarse-mode mass concentrations inferred from both AOD and FMF data in combination with precalculated size distribution parameters .
[22] The present study similarly estimates PM 2.5 concentration but by using the fine-mode aerosol optical depth (FOD) in place of the AOD as follows:
where the satellite-based FOD is obtained by multiplying the MODIS-retrieved AOD with the FMF; the model FOD and PM 2.5 concentration are both computed by considering the contributions of SNA, BC, OC, and accumulation-mode sea salt aerosols. Fine-mode mineral dust is not considered in the model FOD calculation since the MODIS FMF data exclude dustlike aerosols . It appears inconsistent to use the MODIS FMF that is associated with particulate matter smaller than 1 mm in diameter, instead of 2.5 mm due to its optical characteristics [Anderson et al., 2005] . However, using the model FOD with a cut diameter of 1 mm in equation (3) is found to result in negligible changes in the remote-sensed PM 2.5 concentrations. This issue is discussed further in section 3.4.
[23] The method used in this study belongs to a more general assimilation technique referred to as optimal interpolation (OI) [Lorenc, 1986] . The background error covariance in the OI formula is assumed to be very small, making the OI totally local in this study. The OI assimilation has been extensively studied to minimize the differences between chemistry model results and satellite retrievals [e.g., Levelt et al., 1998; Collins et al., 2002] . In particular, modeled AOD and ozone concentrations were adjusted by an OI procedure using the corresponding satellite retrievals. However, such a conventional OI procedure using satellite PM retrievals is limited in the present estimation of PM concentrations because (1) reliable satellite PM concentrations are needed for the assimilation and (2) the physical consistency between AOD and PM concentration from the model cannot be guaranteed in local grid cells. 28°N) , especially in winter and spring, mainly due to the increased use of coal for heating and the increased windblown soil dust aerosols from the deserts [Li et al., 2008] . In summer, they are lowest in south China, Korea, and Japan, probably due to the frequent summertime precipitation that accompanies the Asian summer monsoon. The model reproduces the spatial patterns and seasonal variation of the observations but its values are generally lower than the observations, especially for north China in winter (Figure 2, middle) .
[25] Figure 3 shows scatterplot comparisons of the simulated and observed seasonal PM 10 concentrations at the surface sites. Reduced major axis regressions [Hirsch and Gilroy, 1984] for the ensemble of the data (dotted lines) are also shown along with the regression equation, correlation coefficient (r), and number of samples. The correlation coefficients between the model estimates and observations are 0.18, 0.74, 0.68, and 0.44 in winter, spring, summer, and fall, respectively. The model appears to explain about 50% of the observed spatial variability in spring and summer but is less accurate in the other seasons. Plainly, these correlation coefficients are not so high, but are almost equivalent to the values in the previous works by Liu et al. [2004] and van Donkelaar et al. [2006] in the United States where the quality and number of observations are thought to be superior. The regression slopes are 0.14, 1.37, 0.55, and 0.82, respectively, indicating considerable low biases in the model, except for spring. The model appears to reproduce seasonal mean PM 10 concentrations in spring over East Asia with a relatively small bias. However, there is considerable scatter particularly for the sites in north China. The values of root mean square error (RMSE) are 122.5, 68.7, 55.9, and 60.4 mg m À3 in winter, spring, summer, and fall, respectively. High RMSE values indicate a limited capability of the model for capturing local variability. One possible reason for the poor agreement of the model is that the spatial resolution is too coarse to capture the local pollution from the highly populated large cities in China where the PM 10 concentrations are observed.
[26] In suburban regions of China, the previous model studies typically showed significant low biases on the order of magnitude lower than the data [e.g., Wang et al., 2006; Feng et al., 2006] . Our simulated results are also significantly lower than the few available chemical measurements in China. For example, the observed aerosol concentrations of SNA, OC, and BC are 45, 38, and 10 mg m À3 , respectively, in the Guangzhou suburbs during the summer of 2004 [Wang et al., 2006] , whereas our simulated results are 2.6, 0.4, and 0.3 mg m À3 for SNA, OC, and BC, respectively. Considerable discrepancy is particularly found for carbonaceous aerosols: the typical values of OC and BC concentrations in the suburban regions of Chinese megacities (Guangzhou, Shanghai, and Beijing) are 16.5 -33.6 and 3.6-6.6 mg m À3 in winter and 4.9-17.6 and 2.1 -6.4 mg m À3 in summer, respectively [Feng et al., 2006] . The higher winter concentrations reflect the larger emissions from local burning of fuel for household heating. Our simulations, however, show much lower concentrations of OC and BC aerosols (2.6 and 0.9 mg m À3 in winter and 1.5 and 0.3 mg m À3 in summer, respectively) for the same suburban regions. In addition, Li et al. [2008] reported that the winter mean (2003) (2004) (2005) (2006) (2007) concentration of soil dust aerosol over Urumqi (station 46), which is upwind of the soil dust source regions, is 98.5 mg m
À3
. This value is a factor of two higher than the model estimate concentration of 44.4 mg m À3 .
[27] In contrast, a relatively higher correlation (r = 0.74) and a smaller bias are obtained for spring than other seasons (Figure 3b ). The higher correlation is driven by model ability to capture the regional variability of PM 10 concentrations in East Asia. This may be due to the high concentration of soil dust aerosol from the deserts and their long-range transport driven by synoptic-scale weather systems, which are captured by the model. Despite the coarse spatial resolution of the model being inadequate to capture concentrated local pollution, the simulations are generally more comparable with background observations in Korea and Japan. The observed concentrations of OC and BC in Gwangju, Korea, during the Asian Pacific Regional Aerosol Characterization Experiment (ACE-Asia) periods (spring) were 4.6 and 2.1 mg m À3 [S. S. Park et al., 2005] , which are similar to our simulation results of 4.6 and 1.7 mg m À3 . Other inorganic aerosol concentrations (sulfate = 5.7 -7.6, nitrate = 1.3-2.6, ammonium = 0.62 -2.7 mg m À3 ) observed near the desert regions in northwest China (38°20 0 N, 109°43 0 E) [Xu et al., 2004] are also generally comparable to our simulation results (i.e., sulfate = 5.4, nitrate = 0.8, ammonium = 2.2 mg m À3 ).
[28] Overall the model estimates over East Asia explain 34% of the spatial variance in the observations on an annual mean basis with a slight underestimation of 20% (not shown). Nevertheless, the downward bias of the simulated data in winter (Figure 3a) is too extensive to be explained in this manner alone, implying the existence of other factors, including the lack of emission sources used in the model, inaccurate meteorological and surface conditions, and so on. [Hirsch and Gilroy, 1984] for the ensemble of the data (dashed lines) are shown along with the regression equations, R, and the number of samples. The y = x relationships (solid line) are also shown.
Values are shown only for the regions with valid days more than 10% of the total. The data for snow covered areas and arid regions are largely missing because MODIS cannot adequately measure the solar reflectance of surfaces with such high albedo . In addition, MODIS observations are unavailable for India and southeast Asia in summer due to the presence of the extensive and thick cloud cover associated with the Indian monsoon [Chu et al., 2003] .
[30] The discrepancy between MODIS and the model AOD determines the scaling degree. Previous studies suggested that MODIS AOD retrievals over land in East Asia may be biased high by within ±0.2 when compared to AERONET at most available sites [Ichoku et al., 2005; Remer et al., 2005; Che et al., 2008; Kim et al., 2007; Li et al., 2007; Mi et al., 2007; Wang et al., 2007] . Figure 4 compares AERONET AOD data with the simulated and the observed MODIS AOD sampled at AERONET sites over East Asia. Despite limited AERONET observations in our domain, the high bias of the MODIS AOD is shown in all seasons (stars in Figure 4 ), whereas the model underestimates AERONET observations (circles in Figure 4) . Although there are discrepancies between the model and the AERONET data, they appear not to be as large as differences between the MODIS and the AERONET observations. The correlations coefficients between the model and the AERONET (r = 0.24-0.94) are higher than those between the model and the MODIS (r = À0.18-0.66), although the statistical significance is week due to the small number of data. This indicates at least some degree of model ability to reproduce aerosol observations in East Asia. Moreover, the model AOD captures important spatial patterns (e.g., higher in the desert and the eastern China) that are similarly presented in seasonal averages of MODIS AOD (not shown).
[31] The resulting remote-sensed PM 10 concentrations are generally higher than the model-based estimates except for spring, reducing low biases in the model after constraints using MODIS AOD data (Figure 2) . However, the higher MODIS AOD relative to the AERONET data may imply possible overestimations of PM 10 concentrations in our method (refer to section 3.4 for more details).
[32] Figure 5 compares the seasonal mean remote-sensed and observed PM 10 concentrations for the ensemble of the surface sites. The regression slopes in the different seasons, with the exception of fall, are closer to unity than those in Figure 3 (RMSE = 89.5, 75.21, 44.03, and 58.47 in winter, spring, summer, and fall, respectively) except for spring. The changes in the regression slopes and RMSEs indicate that the spatial pattern of the seasonal values from our PM 10 estimation is generally more comparable with the observations than those from the model simulation alone. The annual mean estimated PM 10 concentrations are in much better agreement with the observations (the slope of regression equation = 1.00, r = 0.42).
[33] The correlation coefficients in the different seasons however exhibit slight degradation, with the exception of winter, relative to those in Figure 3 . The degradation of correlation coefficients was also previously shown by Liu et al. [2004] and is likely due to the additional uncertainties in the estimation introduced by applying local scaling factors using satellite retrievals. Indeed, this result is first evidence that the PM 10 concentration in East Asia can also be estimated by the present approach within previously reported uncertainties (i.e., correlations with observations) from the estimation of PM 2.5 concentrations in the United States [Liu et al., 2004; van Donkelaar et al., 2006] . The uncertainties in the remote-sensed PM estimates and the contributing factors will be discussed in section 3.4.
[34] Although the remote-sensed PM 10 mass concentrations are improved relative to the model estimates, there still remain large discrepancies, including low bias in north China and high bias in Korea/Japan, as shown in Figure 5 . In particular, significant biases in PM 10 concentrations exist at some sites in north China, where the difference between the remotesensed and observed concentrations is up to 100 mg m À3 . These sites are located around 40°N, which is close to the desert, where satellite observations are limited due to the high albedo. The exclusion of these sites from our analysis slightly improves the comparison, but the majority of the results in this study remain the same.
[35] Figure 6 shows the daily mean PM 10 concentrations at eight representative sites that include continuous PM 10 observations all year round: Beijing (site 1), Harbin (site 10), Shanghai (the average from sites 11, 13, 16, and 17), Chongqing (site 38), and Lanzhou (site 43) in north China, Guangzhou (the average from sites 28, 29, and 30) in south China, Happo (site 52) in Japan, and Seoul (site 57) in Korea. (Detailed information on the PM 10 monitoring cities in China are described by Choi et al. [2008] .) The observed PM 10 concentrations show the regional characteristics of the temporal variation induced by the aerosol sources and climate patterns. The sites in north China (Beijing, Harbin, Shanghai, Figure 5 . Same as Figure 3 , but for the remote-sensed PM 10 concentrations using MODIS AOD data. EANET/AQS measurements are taken from 1000 LT through 1200 LT during successful overpass measurements.
Chongqing, and Lanzhou) have highly variable PM 10 concentrations, particularly in winter and spring, due to soil dust aerosols. These regions are dustier than the other regions all year round. The site in south China, Guangzhou, is cleaner than the other Chinese sites. Happo in Japan also has quite low and invariable PM 10 concentrations all year round. The site in Seoul, Korea, has a high PM 10 concentration in spring due to the dust storms from China and Mongolia.
[36] The correlation coefficients between the observed and model-simulated PM 10 concentrations and those between the observed and remote-sensed PM 10 concentrations are given in blue and red colors, respectively, at the top of each panel ( Figure 6 ). As shown in the analysis of the seasonal mean remote-sensed PM 10 concentrations, the daily time series of the remote-sensed PM 10 concentration is also found to capture the abovementioned observed local characteristics of PM 10 variation with higher correlation coefficients than those of the model. The largest improvement is seen in Beijing in spring. The values in Harbin show minimal improvement because the simulated concentration is too low to be satisfactorily upscaled using the satellite data. The ability of equation (2) to correct the model biases appears promising for the remote-sensed PM 10 concentrations in Shanghai, Chongqing, and Lanzhou. Despite an insignificant correlation coefficient in Guangzhou, the remote-sensed PM 10 concentrations are generally in better agreement with the observations. Large improvement is seen in Happo, where the correlation coefficients with the observations increased from 0.26 to 0.51. Last, the remote-sensed PM 10 concentrations for Seoul are also more comparable with the observations. A considerable improvement is found in Seoul especially during spring, when the soil dust from China has a large impact on the PM 10 concentrations.
[37] Figure 7 compares the temporal correlation coefficients between the simulated and observed daily PM 10 concentrations with those between the remote-sensed and observed daily PM 10 concentrations at all the sites. The validated regressions at the 85% confidence level in an F test are indicated by the black outline, and the number of the sites with positive correlations is also provided in the inset to the figure. Of the total 52 points, about 65% have statistical significance (32 and 35 points for the model-simulated and the remote-sensed Figure 6 . Daily mean PM 10 mass concentrations at eight representative EANET/AQS sites: Beijing, Harbin, Shanghai, Chongqing, Lanzhou, Guangzhou, Happo, and Seoul. Observations are in black. Simulated and remote-sensed values are shown in blue and red, respectively. PM 10 concentrations, respectively). The temporal correlation coefficients vary wildly depending on the region and season. The sites in Korea and Japan show the highest temporal correlations of up to 0.99, reflecting successful simulation of the observations in those areas. In contrast, the temporal correlations in south China are low or statistically insignificant because of a significant bias in the model in spring. Summer has, in general, the largest number of sites with high correlations, both for the model-simulated and the remotesensed PM 10 concentrations. This is attributable to the relatively invariant PM 10 concentration in summer (see also Figure 6 ). However, the frequent precipitation associated with the Asian summer monsoon and typhoon season continuously reduces the PM 10 concentration in East Asia.
[38] We also find in Figure 7 that the use of satellite data significantly improves the temporal correlation of the estimated PM 10 concentrations compared to the model results. About 60% of the sites (31 out of 52) show increases in temporal correlation, whereas slight decreases occur at nine points ( Figure 7) . The increase in the correlation coefficient is most pronounced in spring but is not that large in the other seasons, indicating that the constraints introduced by the satellite data are most effective for seasonal variability but relatively inefficient on shorter time scales (e.g., day-today variability). This may be due to the sparsely retrieved MODIS AOD for clear skies.
3.3. Remote-Sensed PM 2.5 Concentrations Using MODIS AOD and Fine-Mode Fraction
[39] The remote-sensed PM 2.5 concentrations in the surface air are estimated and compared with the observations at Rishiri (site 50), Oki (site 54), and Gosan (site 61). Table 1 summarizes the regression statistics of three different estimates of the daily mean PM 2.5 concentration against the observations: (1) the model, (2) the remote-sensed estimates using MODIS AOD alone (i.e., equation (1)), and (3) the remote-sensed estimates using both MODIS AOD and FMF (i.e., equation (3)). As seen in the PM 10 comparisons, the Figure 7 . Temporal correlation coefficients (left) between observed and simulated daily mean PM 10 concentrations and (right) between observed and remote-sensed daily mean PM 10 concentrations for (top) the entire year and for individual seasons. Regressions validated to the 85% confidence level by F test are indicated by black circles. N indicates the number of sites with R > 0.3. simulated PM 2.5 concentrations are also lower than the observations by approximately 37%, 3%, and 21% at Gosan, Oki, and Rishiri, respectively, on an annual mean basis. The model underestimates the seasonal mean concentration in all seasons. The exceptions are Oki in fall and Rishiri in spring, but are these are statistically insignificant because of the insufficient number of observations. Some of the seasonal statistics are also not valid due to the limited number of observations; thus, we will primarily focus our analysis on annual statistics in what follows.
[40] The remote-sensed PM 2.5 concentrations using the MODIS data are found to be generally higher than the model-simulated values. When the MODIS AOD data alone are used, the remote-sensed concentrations are typically very high, by factors of 1.5 -3.4, relative to the observations on an annual basis. We find that introducing a further constraint, the FMF data, considerably lowers the remote-sensed PM 2.5 concentrations, affording regression slopes of 1.1-2.0 with improved correlation coefficients against the observations (Table 1 ). The typical annual FMF value at the three sites is approximately 0.4. Our analysis suggests that the capability of applying the FMF in equation (3) is promising, especially when the model underestimates the PM 2.5 concentrations to a large extent.
[41] We could easily extend our evaluation over the continent given sufficient PM 2.5 observations. As discussed in section 3.1, models typically underestimate concentrations of fine aerosols in the surface air over China [e.g., Wang et al., 2006; Feng et al., 2006] . The use of both AOD and FMF data can certainly allow better estimation of the PM 2.5 concentrations in China, where the FMF values vary widely from 0.2 near desert areas to 0.8 in east China.
[42] Finally, we apply the above method to computing the best estimates of the PM 2.5 and PM 10 mass concentrations, that is, in terms of the annual and seasonal means, over East Asia (14°-56°N, 75°-150°E) and the subregions: north China (30°-50°N, 75°-125°E), south China (20°-30°N, 75°-125°E), and Korea and Japan (25°-50°N, 125°-150°E); they are shown in Figure 8 . The PM 2.5 estimates are obtained using both AOD and FMF data and their spatial distributions are shown in Figure 9 . Higher PM 2.5 concentrations are estimated over east China and south Asian countries, especially in winter and spring seasons. While not shown in the figure, the differences in the annual and seasonal averages of the PM 2.5 concentrations between those obtained using AOD alone and those obtained using both AOD and FMF amounts to $17 mg m ). The figures clearly show seasonal and regional variation in our estimates. In general, spring is the season with the highest PM 10 and PM 2.5 concentrations over East Asia, reflecting the dominant contribution of soil dust aerosol. In China, the highest PM 10 concentration occurs in north China in spring, but the PM 2.5 concentration is highest in winter due to the local pollution from the combustion of heating fuels. Over south China and Korea/Japan, summer is the season with the lowest PM 10 and PM 2.5 concentrations due to frequent wet scavenging associated with the Asian monsoon. These variations are consistent with the results of Chu et al. [2003] , who demonstrated similar regional and seasonal characteristics in MODIS AOD observations over East Asia.
Uncertainty in Remote-Sensed PM Concentrations
[44] The uncertainty in the spatiotemporal variation of PM concentration may result from an inappropriate local scaling factor that is influenced by the modeling uncertainty of the local AOD-PM relation, the satellite retrieval uncertainty, inaccurate collocation between the model and satellite values, etc. van Donkelaar et al. [2006] suggested that the factors influencing the relationship between the model surface PM concentration and the model AOD (or FOD) in equations (1) -(3) include the mass extinction efficiency [Chin et al., 2002] , relative contributions of different aerosol types to the AOD, and the fractional AOD of the surface layer in the total-column value. These factors vary spatiotemporally depending on the aerosol chemical composition, aerosol source, and atmospheric conditions in the boundary layer.
[45] Our analysis shows that, in equation (2), the ratio of the model surface PM 10 concentration to the model AOD is approximately 150-400 mg m À3 in East Asia. This ratio represents the sensitivity of the surface PM 10 concentration to the AOD. Multiplying this ratio to the known uncertainty in the MODIS AOD data (i.e., approximately ±0.05 over land) yields uncertainties of 7.5-20 mg m À3 in our estimates of the remote-sensed PM 10 concentrations. These uncertainties account for 10 -30% of the typically observed PM 10 concentrations and may be factors contributing to the generally low temporal correlation of the daily mean concentrations. As the ratio increases, the estimated uncertainty also increases; the highest ratio is found in the deserts in north China and is about ten times greater than the average over all of East Asia (i.e., 150 -400 mg m À3 ). The value in Korea and Japan is, however, almost half the East Asian average. Moreover, the ratio varies with the season such that it is lowest in summer and highest in spring.
[46] The ratio of the model surface PM 2.5 concentration to the model AOD in equation (1) is approximately 20-50 mg m À3 in East Asia. And the corresponding uncertainties in the PM 2.5 estimates may be 1 -2.5 mg m
À3
, which account for 7 -17% of the typically observed PM 2.5 concentrations. The seasonal and regional variations in the ratio for PM 2.5 are much smaller than those for PM 10 . It should be noted that the uncertainty estimates of PM are based on the MODIS validation results done by Ichoku et al. [2005] and Remer et al. [2005] , in which AERONET data used are mostly from United States and Europe, but relatively insufficient from East Asia. Sophisticated estimation of the uncertainty in consideration of the validation results of MODIS aerosol retrievals is quite necessary especially in East Asia [Che et al., 2008; Kim et al., 2007; Li et al., 2007; Mi et al., 2007; Wang et al., 2007] .
[47] The uncertainties in the MODIS FMF data applied to equation (3) would add to the uncertainties in the estimation. In practice, the mixed aerosol criterion in the MODIS algorithm is seldom found, and the MODIS FMF is usually either 0 or 1 over land . This indicates that the FMF over land has a different meaning than that originally stated, and should disagree with a model-simulated FMF that has values in between the two extremes. This mismatch in the definition the FMF of the AOD between the MODIS data and the model could be the cause of some of the errors in our PM 2.5 estimates. Therefore, estimation of the resulting uncertainty will require further investigation. However, we take an average of the MODIS FMF over many pixels in the model grid boxes so that the FMF values used in equation (3) do indeed vary between 0 and 1, reflecting subgrid variability in the aerosol size distribution.
[48] Another uncertainty in the PM 2.5 estimation is caused by the broad aerosol size distributions that are not explicitly accounted for in the MODIS retrievals. The MODIS FMF is associated with particulate matter smaller than 1 mm in diameter instead of 2.5 mm due to its optical characteristics [Anderson et al., 2005] . The resultant mismatch between the model and the satellite cut diameters for PM 2.5 may also introduce uncertainty in our PM 2.5 estimation. We conducted a sensitivity calculation using the model FOD with a cut diameter of 1 mm in equation (3) and found negligible changes in the remote-sensed PM 2.5 concentrations. In addition, this issue is less critical for nondust seasons over land because most aerosol particles are smaller than 1 mm in diameter.
Conclusions
[49] We estimated the PM 2.5 and PM 10 mass concentrations in the surface air over East Asia by combining the GEOS-Chem model with the MODIS AOD measurements for 2001. This approach was based on those of previous studies [Liu et al., 2004; van Donkelaar et al., 2006] , but includes refinements using the satellite-based FMF data over East Asia, where such an approach has not been previously applied. We then estimated the PM concentrations and compared them with the observations at Chinese AQS sites and EANET sites in East Asia.
[50] Compared to the observed PM 10 mass concentrations at those surface sites, the model typically underestimated the seasonal mean values except for spring, although the spatial patterns of the observations in each season were captured in the model. The discrepancies were particularly large over China in winter because of the considerable underestimation of the data by the model. This is likely a consequence of the model resolution being too coarse (2°Â 2.5°) to capture concentrated local pollution. The finer spatial resolution (e.g., 1°Â 1°) in the model may improve the simulated results though, it cannot completely explain the simulated discrepancies. Despite our mediocre simulations, the relatively higher correlation between the simulated and observed values in spring indicated that the model could reproduce the observed high soil dust concentrations from the deserts and their long-range transport determined by synoptic-scale weather systems.
[51] We then constrained the model using the MODIS AOD data (equation (2)). The resulting estimated seasonal PM 10 mass concentrations were higher than those predicted by the model and were in better agreement with the observations in terms of biases (regression slopes closer to unity) despite a slight degradation in R 2 . A comparison with the observed daily PM 10 mass concentrations showed increases in the temporal correlations of our estimates relative to those of the model. We noted, however, that the use of the MODIS AOD data was more effective in capturing the seasonal variability rather than the day-to-day variation due to the sparsely retrieved MODIS AOD data for clear skies. It is therefore suggested that MODIS (or other passive satellite) retrievals averaged over longer time scale than a month should be used to scale model estimates of PM. Despite the general improvement resulting from the inclusion of the satellite observations, there were still large discrepancies in our estimated PM 10 mass concentrations, mainly due to the limited number of satellite observations and inadequate model spatial resolution.
[52] The simulated PM 2.5 concentrations were also lower than the observations at three available sites in Korea and Japan. For the PM 2.5 estimation, we tested two methods: (1) using AOD data alone and (2) using both AOD and FMF data. Both methods yielded higher estimates of the PM 2.5 concentrations than those of the model. However, the latter showed much better agreement with the observations, reflecting the promising capability of applying FMF to estimating PM 2.5 concentrations over East Asia. The greatest improvement was found in the cases where the downward biases in the model were most significant.
[53] We finally provided our best estimates of the PM 2.5 and PM 10 concentrations over East Asia and the subregions (north China, south China, and Korea/Japan) on annual and seasonal mean bases. Our estimated annual averages of the PM 2.5 and PM 10 concentrations were 14.7 and 71.2 mg m À3 , respectively. However, the uncertainties in our estimates caused by the uncertainties in the MODIS AOD data alone were up to 2.5 and 20 mg m À3 for the PM 2.5 and PM 10 concentrations, respectively. Although we showed that it was possible to improve the estimates of the PM 10 and PM 2.5 mass concentrations in the surface air over East Asia by combining the model and the satellite-based observations, the large uncertainties in our estimates must be acknowledged. The factors contributing to these uncertainties include the modeling uncertainty for the local relationships between the AOD and PM concentrations, the MODIS FMF retrieval errors, and the mismatch in defining the PM FMF between the satellite data and the model. Further study focused on analysis of these factors along with the development of a better model with a finer horizontal resolution may improve the estimated concentrations.
